A ction motorsports, including motocross, have been popular since the middle of the 20th century and are gaining popularity among children and adolescents. 2, 10, 18 Motocross is a nationally organized sport that involves riding 2-wheeled motorized bikes around enclosed outdoor tracks over rough terrain and various obstacles. Youth motocross riders compete in age-based groups beginning at ages as young as 4 years. 18 Motocross is a physically demanding sport, as riders need to maintain balance and control to navigate sharp turns and jump over obstacles. As participation increases, so does the number of youth at risk for sport-related injuries. The high speeds, challenging obstacles, and intense physical and mental demands all contribute to the sport's inherent risk of injury.
lack of scholastic athletic infrastructure, and associated injury surveillance capacity contribute to this paucity of data. 1, 8, 13, 16 Epidemiological data are necessary in order to counsel youth and families about participation and effectively target injury prevention efforts. A previous retrospective review of motocross injuries treated at our institution from 2000 to 2007 identified 299 motocross injuries in 249 unique pediatric patients. 18 Of these 299 injury episodes, 141 (47%) required hospital admission, consistent with prior studies that show 20 to 30 admissions annually from motorbike injuries. Furthermore, 19 patients (6%) required admission to an intensive care unit, and 91 (30%) required surgical interventions (89% of which were orthopedic in nature). Head trauma with loss of consciousness was reported in 18% of cases.
Concussive brain injury (CBI) is a condition that merits special attention due to its prevalence, difficulty in diagnosis, and significant consequences for young athletes. CBI is defined by the American Academy of Neurology as change in mental status induced by trauma that may or may not be associated with loss of consciousness. 10, 17, 20 Key features include confusion, memory loss, and delayed information processing. Data show only a small percentage (< 10%) of youth sports concussions involve loss of consciousness.
9,13
The difficulty in diagnosis, the lack of diagnostic criteria consensus, and the eagerness of young athletes to return to sports participation likely lead to an underestimation of concussion symptom recognition in youth motocross athletes. 12 Previous studies suggest that the presence of certain symptoms is highly suggestive of a concussion. The diagnostic criteria/symptoms include: headache, nausea or vomiting, dizziness or poor balance, blurry or double vision, photophobia, feeling hazy or foggy, poor concentration, memory problems, and irritability. 12, 24 Concussions in adolescents require more time for recovery and can negatively impact academic performance, social development, and future ability to participate in athletics. 9, 12, 14, 17, 21 Impairments in knowledge and skill acquisition subsequent to CBIs are particularly destructive for youth who are constantly charged with learning and demonstrating competence. 21 Long-term neurological complications are concerning but not well understood due to a lack of prospective studies. 13 The purpose of this study is to evaluate concussion symp toms in pediatric motocross participants over the course of a season and to identify risk factors associated with those symptoms. We hypothesized that there would be a high rate of CBIs associated with a number of preventable or adjustable risk factors. Based on data from other pediatric sports in which contact or collision may be purposeful, incidental, or accidental, we further hypothesized that a high percentage of CBIs would not be reported to adults and medical personnel.
methods
We identified and contacted all motocross riders under the age of 18 at one of the region's most popular racetracks (Spring Creek Motocross Park) during the riding season between May and October 2010. Institutional review board approval was obtained for all aspects of the study. Informed consent and assent was obtained from all riders and their parents who agreed to participate in the study. The participants completed the same questionnaire, with parental assistance as needed, on 3 separate occasions during the study period (in May, July, and October of 2010). Survey questions included demographic variables (age, sex, and racing classes), years of recreational and competitive participation, amount and intensity of training and practice, number and frequency of concussive episodes, type and usage of protective equipment, sponsor support for motocross participation, presence and frequency of concussion symptoms, medical evaluation of concussion symptoms, recovery time after symptomatic episodes, presence of chronic or lingering symptoms, and rider and parental attitudes toward the sport.
The self-reported concussion symptoms in our survey were based on a set of definitions widely accepted by clinicians to be highly suggestive of the presence of a concussion. The criteria include headache, nausea or vomiting, dizziness or poor balance, blurry or double vision, photophobia, feeling hazy or foggy, poor concentration, memory problems, and irritability. 
results demographic characteristics
During the study period, we identified 202 riders under the age of 18. Of these, 139 riders (69%) with a mean age of 12.2 years (range 5-17 years) agreed to participate in the study and completed the surveys. Riders under the age of 14 were allowed parental assistance in completing the survey. The group included 127 male riders (91%) and 12 female riders (9%). Fifty-four riders (39%) were under 12 years of age, and 85 (61%) were between 12 and 17 years of age. The majority of respondents had been riding recreationally for 4-5 years (26%) and participating in organized races for 2-3 years (31%).
concussive injuries
Based on the criteria we provided to the participants, 67 youth riders (48%) reported experiencing at least 1 concussion symptom from riding or racing during the motocross season (Table 1) . These riders had an average of 1.37 concussive episodes during the study period (range 1-5 episodes). Of the 67 riders with concussion symptoms, 41 (61%) continued racing the same day, although 25 did subsequently suspend participation for a portion of the remaining season. Overall, 16 (24%) of the riders with concussive symptoms did continue to actively participate for the duration of the motocross season. The 51 riders (76%) who chose to suspend participation were away from the sport for a mean of 2.7 weeks (range 0-36 weeks, median 1 week). Fifty-two riders (78%) sought treatment from a health care professional for their symptoms. Multiple episodes of concussion symptoms during the season from any source (i.e., not just motocross) were reported by 46 riders (33%).
Of the 139 surveyed participants, 33 (24%) riders reported chronic headaches that first started after falls or crashes involving impact between their helmets and the ground during that season. The associated motocross activities that induced the headaches are described in Table 2 .
Protective equipment
Of the 139 youth riders surveyed, 136 (98%) reported "always" wearing a helmet while riding their motorbike, while 2 (1%) reported "mostly" wearing their helmet. Of the 138 riders who reported always wearing a helmet, 100 (72%) received help from experts at motocross-specific shops with proper fitting of their helmets prior to purchase (Table 3) . Ten riders (7%) reported wearing a mouth guard while riding, and 112 riders (81%) wore rigid neck braces designed to disperse forces generated during crashes or hard landings and to prevent excessive cervical spine motion. The use of mouth guards and rigid neck braces did not significantly correlate with decreased risk of developing concussion symptoms. Receiving help from a motocross shop/store expert with fitting a helmet prior to purchase was associated with a 41% decreased risk of reporting concussion symptoms (RR 0.59, 95% CI 0.44-0.81, p < 0.01).
sponsor support
Sixty-six riders (47%) reported having received sponsor support for motocross participation. Of those, 51 (77%) received shop support, 9 (14%) received factory support, and 4 (6%) received both factory and shop support. Sponsor support conferred a relative risk of 1.48 (95% CI 1.05-2.08) for concussion symptoms (p = 0.02).
rider and Parental attitude toward motocross
When asked to describe their riding style, 20 riders (14%) identified themselves as "conservative" riders who prefer learning and practicing techniques before increasing their speed; 48 (35%) reported "some risk-taking"; 52 (37%) were "aggressive" and felt more willing to take chances; 19 (14%) were "highly aggressive." No significant association was found between self-reported riding style and endorsement of concussion symptoms. There were, however, 103 riders (74%) who reported incidents of crashes related to aggressive riding or racing. This was associated with a relative risk of 1.79 (95% CI 1.04-3.07) for concussion symptoms (p = 0.02). Youth riders reported their parents' feelings toward their motocross participation as follows: 1 parent (< 1%) "did not approve"; 13 (9%) were "neutral"; 85 (61%) were "approving"; 40 (29%) were "highly encouraging." No significant association was found between parental attitudes toward the sport and endorsement of concussion symptoms. Table 4 summarizes the relative risk and confidence intervals of factors that were significantly associated with concussion symptoms in youth motocross riders. Self-reported aggressive driving and sponsor support were associated with an increased risk of experiencing concussion symptoms. Receiving professional help with helmet fit decreased the risk of developing concussion symptoms.
risks for concussion symptoms

discussion
Our study found a high rate of CBIs in children participating in organized motocross over the course of one season. Nearly 50% of the pediatric and adolescent motocross riders reported concussion symptoms during the outdoor 2010 racing season at a selected race track. Surveyed riders reported an average of 1.37 concussive episodes, with 33% of riders reporting repetitive head injuries during the study period. It was encouraging to see that the majority of riders who reported concussion symptoms (78%) sought medical treatment; however, most of them either continued to race or only briefly suspended participation (mean 2.7 weeks). In 33 of these riders, the acute injuries led to chronic headaches exacerbated by continuous participation in motocross. We feel that the reported concussion symptoms are related to crashes, as opposed to activity-related motion such as engine vibration or riding over rough terrain.
It is difficult to compare our findings to the existing literature, as there is a paucity of data on head injuries in pediatric motocross participants. Larson et al. 18 reported loss of consciousness in 18% of all documented motocross injuries. These data were obtained from patient registries, meaning that participants with less recognizable or reportable symptoms of CBIs on the racetrack may not have presented to the hospital or emergency room. In general, there is lack of consensus over the minimum criteria for reporting concussive injury; thus concussion symptoms are thought to be underreported in all sports and levels of competition. 12, 21, 24 The most commonly reported symptom of a concussion is headache, although other symptoms may be present concomitantly. 10, 13 Loss of consciousness is often misconstrued by medical personnel as necessary for a diagnosis of concussion, although loss of consciousness is less common than confusion or amnesia after any traumatic head injury. 12, 13, 17 Motocross riders often present with subtle signs and symptoms of concussion. Those with clear signs and symptoms may minimize them, thinking that they are a normal part of the sport or related to heat illness/exhaustion.
The main weakness of this study is that all of the data were self-reported, and self-reported data have been shown to be unreliable as an indicator for concussions. 26 Additionally, we feel that the self-reported nature of the survey likely leads to an underreporting bias, as both the 31% of riders not participating and the riders participating may have underreported symptoms for fear of having restrictions placed on themselves or their sport or because of a culture of toughness and concern about appearing weak in the eyes of their peers. Such underreporting has been noted in the collegiate cohort, with 43% of concussed student athletes knowingly hiding symptoms and a further 22% indicating that they would do so in the future. 27 The lack of objective findings may not accurately represent the rate of concussion symptoms. Alternatively, the survey might have led to overreporting of symptoms. We think this to be unlikely, however, given good evidence for underreporting of head injuries in other collision sports. 9, 11, 12 Clearly, the results of this survey demonstrate an inconsistent or nonexistent formal assessment of traumatic brain injury following a crash and a lack of consistent return-to-play guideline application. At the highest levels of the sport, concussion awareness is improving: American Motorcyclist Association Pro Racing, the premiere motorsport racing body, insists on concussion training and a baseline ImPACT (Immediate Postconcussion Assessment and Cognitive Testing) test prior to granting a license and passing a subsequent ImPACT test prior to resuming competition after concussion. 23 These requirements apply to racers as young as 12 who qualify at a national level, but none of the riders in our study cohort met that criterion, and thus none were subject to these requirements. The Im-PACT test is a validated computerized assessment system that has been adopted by professional sports leagues such as WWE (World Wrestling Entertainment), NFL (National Football League), NHL (National Hockey League), and MLB (Major League Baseball) (https://www.impacttest. com). Its global adoption as a tool, however, is hampered by cost. It is also notable that our study occurred in Minnesota, which has a "Concussion Law" that mandates that all coaches involved in a youth athletic activity that charges a fee implement concussion education including safe returnto-play guidelines. 22 The number of athletes returning to motorsport racing following a concussive episode despite this law may be because athletes in motorsports may not have an identifiable or responsible coach. This underscores the need for grassroots education of parents and athletes.
Multiple efforts need to be undertaken to improve concussion identification and management. As the most frequent responsible supervisors, parents must be given information about recognizing the signs and symptoms of concussion. On-site emergency medicine personnel, sports medicine practitioners, and race referees can serve as the necessary resources to help decrease underreporting of concussions. 21 Riders also need to understand the importance of refraining from racing while symptomatic to avoid "second-impact syndrome," which may have devastating effects in adolescent patients, including brain herniation and even death. 9, 15, 25, 26 Almost all reported cases of second-impact syndrome have occurred in adolescents, 3, 19 and persistent headache is frequently noted prior to the catastrophic second injury, 4, 5 potentially indicating ongoing neurophysiological pathology. 28 Although second-impact syndrome is controversial, it is now accepted that athletes should be clinically asymptomatic and cognitively normal before return to play. 28 Furthermore, even when they become symptom free, young athletes may continue to have neurocognitive deficits of which they are not aware. 26 Cognitive rest, in addition to physical rest, has been suggested as a new part of the management of concussions in pediatric patients. The 4th International Conference on Concussion in Sport 20 and the American Academy of Pediatrics 13 recommend modified school days or a temporary leave of absence, decreased academic workloads, and increased time to finish assignments or tests.
The reporting on the usage of safety equipment sheds light on current trends in pediatric motocross competitors. Most of the riders (98%) always wore a helmet. The high rate of concussion symptoms despite the prevalent helmet use means simply wearing a helmet is not enough. It is of interest to note that receiving professional help with proper fitting of helmets corresponded with a 41% decrease in reported concussion symptoms. While "professional fitting" may overstate the nature of support garnered from a motorcycle shop employee, an understanding of equipment options, features, and experience in fitting multiple riders is likely an advantage. Previous research on this topic by Olvey et al. (unpublished data presented at Motorsports Engineering Conference & Exposition 2006) provided recommendations on standards for helmet design in children aged 6-17 years. The recommendations include striving for helmets that are light, provide adequate levels of impact protection, are properly fitted with integrated padding and tightly fastened double chin strap, and are reasonably priced to promote use. We encourage youth motocross riders and their parents to purchase helmets that are made properly, in accordance with the above recommendations, and to seek assistance with helmet fit prior to purchase.
The increased relative risk of concussion symptoms associated with sponsor support and aggressive riding in this series is also significant and concerning. Likely, aggressive riding and sponsorship are linked. Perhaps consideration for sponsorship should include baseline race-accident statistics and technical skills assessments to promote safe riding habits to decrease frequency and degree of accidents that could cause concussions.
Links between sponsorship, aggressiveness of riding style, helmet fitting, degree of impact, and concussive symp toms need further study. Along with the ImPACT test, the use of accelerometers in racing and training situations may prove effective. One device, the Reebok Checklight (http://www.mc10inc.com/consumer-products/sports/ checklight/), may help bridge the gap by encouraging concussion awareness, making medical evaluation enforceable, and by aiding the study of frequency and severity of impact and its sequelae. A skull cap is worn under the helmet, and impact severity is visibly displayed with a system of green, yellow, and red lights. Riders are encouraged to seek medical attention following yellow-and red-light crashes. Regardless of the system used, more studies are needed to fully understand the issues surrounding motocross racing and head injury in the pediatric population.
conclusions
Nearly half of all motocross competitors under the age of 18 had concussion symptoms, based on self-report. Although 78% of these riders sought medical treatment for their symptoms, the majority either continued racing or returned too quickly to motocross. Almost all of the riders wore helmets, but this alone was not enough to prevent concussion symptoms after collisions. We encourage all youth motocross riders to wear properly fitted helmets and to refrain from early return to physical activity after experiencing concussion symptoms. We also encourage medical professionals managing concussion symptoms in this age population to follow progressive return-to-ride/play recommendations set forth by the International Conference on Concussion in Sport and the American Academy of Pediatrics. Adherence to state laws and recommendations should also be considered when returning any athlete to sport after concussion symptoms have cleared.
